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ABSTRACT

The fracture of ice under tnnslle loading is
characterized in terms of the stress versus
separation behavior in the process zone. This
process zone characterization can be used in
numerical simulations based on discrete crack
models. The stress-separation model is then
integrated with a rate-sensitive tensile
stress-strain-strength model to account for
strain-softening at the continuum scale. The
resulting constitutive theory can be applied,
conjunction with an objective energy criterion
proposed here, to simulate localized fracture
processes based on the blunt crack band theory.
Quantitative estimates of the fracture process
zone size are obtained to assess the validity of
toughness measurements based on linear elastic
fracture mechanics (LEFM).
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INTRODUCTION

In most real world applications involving
ice either as, 2 load bearing medium or as a load
transmitting me:lum, the strength of ice is
limited by fracture. Investigations on the
fracture behavior of ice have been relatively few
in comparison to the work on its continuum
behavior. They include the works of Gold (1),

tze {(2), Goodman (3~ ~5), Hamza and Muggeridge
(6.7), Urabe et al. (8- 10), Timeo and Frederking
ng,sz), ané Schulson and Nixon (13,14). Mellor
(15) has reviewed mich of this research. The
ggqéral emphasis of past work has been to
racterize the mode I fracture behavior of both
e and sea ice in terms of the linear elastic
cture toughness parameter, Kio, through a
ence of tests conducted under varying rates
of loading and varying temperature. Since for
rates of loading greater than about 10 kpa m'/2
and temperatures below about -10°C the
fracture toughness parameter Kic tends to
become insensitive to rate and temperature,
it is believed that LEFM applies under such
conditions. retical support for the
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loading rate criterion has been proposed by
Urabe et al. (9) based on Riedel and Rice's
{(16) analytical study of tensile cracks in
creeping solids which assumes that elastic
strains dominate almost everywhere in the
specimen except in a small "creep zone®,
which grows around the crack tip. The
analysis models ice as an elastic, power
law material and considers the fracture
"process zone" to be of negligible size
within the creep zone.

This paper is motivated by the
following three concerns:

1. Numerical models for simulating

fracture processes during ice-structure
“teraction may be developed on -the basis
¢ two distinct theories. The first theory
ieads to discrete crack models (17-20}
which assume that all cracking activity is
ocalized on a plane., The second theory

ads to smeared or blunt crack models
2 ~24) which assume that cracking activity
s d.strlbuted over a characteristic width
representing a material property.
Censtitutive models describing fracture of
ice under tensile loading suitable for use
w.th either of the two numerical approaches
are jacking at the present time.

,‘,..A

2+ In many practical applicatibns, fracture
in ice is accompanied by significant nonlinear
scoelastic deformations. For example, in the
ctic nearshore zone viscoelastic deformations
ccumulate during the winter months prior to
Sreakout" which occurs in early spring as a
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1t of crack nucleation and propagation. The
ciated states of stress and strain in the ice
to be multiaxial, the strains typically

1g tension-compression in the region where
acks nucleate (25, 26). This precludes the use
LEFM-based fracture toughress parameters.
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Bowever, it is entirely possible that the
fracture process zone behavior itself remains
brittle while the moriracturing parts of the
material are responding in 2 non-brittle
(nonlinearly viscoelastic) marner. This raises
the following questions: (a) under wha:z
conditions is the preceding statement valid, and
{b) how can this type of fracture behavior be
characterized.

3. The behaviecr of ics is oftern governed by
cracks that nucleate as a recult of <=he applied
stress field and which subsegquently prcpagate.
Traditionally, fracture mechanics is concerned
only with propagatior of gre-existing cracks in a
mzterial. Furthermcre during the initial stages
of crack growth, “"small scale vielding®
assumptions of LEPM are violated sirnce the
process zone sSize is comparable to the crack
length. The theoretical basis and experimental
data to predict the nucleztion and ¢rowth history
of cracks in ice is nonexistant at the present
time,

This paper characterizes fracture of ice
under tensile loading in terms of the stress
versus separation behavior in the process zone,
This process zone characterization can be used in
numerical simulations based on discrete crack
models. The stress-separation model is then
integrated with a rate-sensitive tensile '
stress~strain-strength model to account for
strain-softening at the continuum scale. The
resulting constitutive theory can be applied, in
conjunction with an objective energy criterion
proposed here, to simulate localized fracture
processes based on the blunt crack band theory.
Quantitative estimztes of the fracture process
zone size are obtained to assess the validity of
toughness measurements based on LEFM,

STRESS-SEPARATION MODEL OF PROCESS ZOXE

The classical LTZ¥M aralysis predic:s a
stress singularity a% the crack tip, which
physically is impossizle. The material in the
vicinity of the crackx zip must undergo inelastic
deformation leading tc a ohysically accestable
redistribution of the asymztotic stress field.
‘The region in whick such inelastic defcrmations
occur is defined as the “rrocess zoze." In
brittle materials, e.c., 1ce, concrete and
ceramics, the width cf the process zone is narrow
and can be considersd to have localized on the
plane of the crack for fracture in =wne opening
mode (27,28). The process zone deformetion for
such materials is essentielly due o
zisrocracking. The stress carrying capaczity
varies within the process zone (as showz in Pig.
1), from a maxipuer egual <o the uniaxial zensile
strength at the ouzer edge of the process zone
{close to the continuur where microsraciing
activity is a rinimam) to zero at a point where
there is no traction on the faces along the crack
plane. The traction Iree surface does nst
commence at the visible crack tip iz cgeneral, and
the value of finite crack opening dis<tance at the
zero stress point :s zermed the criticel zrack

2T or separaticn, ..
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Figure 1: Practure Process Zone Model for
Ice.

The advantages of treating the process zone
as part of the crack by relating the stress
carrying capacity to variations in separation
associated with the microcracking has been
investigated by Barenblatt (29) for brittle
materials, and by Hillerborg_fll) and others for
concrete. Rice (30) has shown that the area
under the stress-separa-tion curve characterizing
the behavior of the process zone is egual to the
critical valvue of the J-integral, J.. This value
can be interpreted as the rate of energy release
associated with crack extension, and under plane
strain concitions is identical to the critical
strain energy release rate, G., from an LEFM
analysis. Since the fully developed process zone
is independent of the loading conditions or
specimen geometry, the stress-separation curve
(and J.) which characterizes it is a material
property. The same cannot be said for Ky, or Gg.
The followong statements can now be made:

(a) T=e single parameter charac<terization
2sing Je implies that the fracture
~ehavior is completely defined by the
zrocess zone response and is
zndependent of the continuur behavior

cf the rest of the material.

(b) The stress-separation curve can be used
<o characterize the strain-softening
nernavior of brittle materials (process
zf formation of a macrocrack by the
Zocalization of microcracks) under
zension. Even under uniform uniaxial
<ensile loading conditions the
aicrocracks are known to localize in a
narrow pand in brittle materials
zrncluding ice, although the
r.cromechanisms governing this
Phenomenon are not well understood.

(c) Tne experimental determination of the
stress-separation curve (and from it G
or Kye) poses no restrictions on the
size of the specimens used in testing.



Determination of Ky, based on a LEFM
approach requires that small scale
yielding (SSY) conditions be
satisfied,

(d) The applicability of the stress-
separation curve as a material pProperty
is strictly limited to materials in
which the process zone can be approxi-
mated as having localized on the crack
plane. Thus it is inappropriate for
ductile materials displaying necking.

Quantfication of the stress-separation model
requires knowledge of the shape of the curve,
area (fracture energy, Gp), and tensile strength,
Otf. The shape of the stress-separation curve is
important in determining the fracture process
zone development. Since experimental data is
unavailable for ize at the Present time, typical
shapes have to be postulated based on prior
experience with concrete (Fig. 2). Pure
polycrystalline ice has a much more homogeneous
("uniform”) microstructure than does concrete; as
a result the ‘curve is unlikely to have an
elongated tail and the choice of a linear
stress-separation curve may be realistic.
Identical simplifying assumptions have been
successfully applied to concrete (gl). The
critical separation distance is then given by:

Sc = 2Gp/oes (1)

Using typical values of Ore (0.96 MPa) and Gp
(1.1x10-3 KPa-n) corresponding to high rates of
loading for ice with a grain size of 8mm, Eq. (1)
vields 6. = 2.3x10"3mm. This number is smaller
but in general agreement with measurements of
critical crack opening displacement made on
freshwater ice of approximately the same grain
size by Hamza and Muggeridge (7).

The value of Gp for ice should be obtained
from the area under the stress-separation curve,
In the absence cf experimental data for the
curve, Gp may be estimated from Kye values
obtained from conventional tests conducted on ice
at high loading raztes. Typical values of Kis lie
in the range of 80~120 KPa-n'/2 for pure ice,
which leads to the value of Gp consideregd
earlier. However, 1t must be realized that some
of the existing da<=a on Ki- may have reduced
accuracy due to irnadeguacies in the size of the
specimens used in testing. A first order estimate
of the process zone size may be obtained with the
analysis cf Incraffea and Gerstle (20) which
accounts for the stress redistribution ahead of
the crack tip due <o microcracking. Their
approach, similar o Irwin's correction for
plastic zone size in ductile materials (see, for
example, Ref., 31), vields process zone length
estimates of 4.2-8.5mx for ice with a grain size
of 5mm. Specificazions for K1e testing require
crack and ligament lengths equal to 25 times the
plastic zone size 131}, which if applied to the
process zorne size ¢ ice would require lengths in
the range of 103-2:2mm or approximately 20-40
times the grain size. This approximate result is
consistent with the recommendations of the IAHR
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Figure 2: Typical Stress~-Separation Curves.
Working Group on Testing Methods in Ice (32). In

rticular, the working group suggested that the
lengths of the crack and the uncracked ligament
should be ¢reater than 15 times the average grain
size. Typical specimen sizes used in ice testing
often viclate these requirements, and
consequently fracture toughness estimates
obtained from such tests may have reduced
accuracy.

Tne tensile strength of ice is the higher of
WO stir.usses: the stress to nucleate cracks,
O¢ns and that to propagate cracks, Otpr (E,}_{),

i.e.:
Orn = 07 + kd™1/2 (2)
and

xa=1/2 (3)

"

Cep

where ¢; = friction stress needed to move
unlocked dislocations along the slip plane; k =
measure of the resistance of grain boundaries to
slip; and K represents the cortined effect of
fracture toughness, crack geometry, and other



micromechanical effects such as microcrack
interaction and the ratio of microcrack size to
ard grair size. Typical values of the constants
&> -10°C are 0.63 MPa, 0.03 MPa-m1/2 ang 0.050
¥Pa-m1/2 respectively.

The above characterization of the stress~
separation curve is appropriate at high rates of
loading {and low temperatures) where ice behaves
2s a prittle material. At lower rates (and higher
temperatures) ice is in transition from brittle
to ductile behavior. Here delayed elasticity or
Primary creep and secondary creep deformations
can become significant (35,36). However, the
process zone corresponds only to the localized
region undergoing microcracking (or tertiary
creep deformations). Thus, the tensile fracture
process zcne in ice may display either a purely
brittle behavior insensitive to rate (and
temperature) or a combination of brittle and
ductile behavior that is rate (and temperature)
sensitive. The profile of the stress-separation
curve at the instant of loading or soon
thereafter will be similar to that at high rates
©f loading. Over time, as the tensile strain
reaches the fracture strain at lower strainrates
thévprofile may change, i.e., the process zone
size will increase if the fracture enerqgy is
constant and the tensile strength reduces. The
presence of a large creep zone will invalidate
laboratory measurements of Kic based on LEFM, but
the stress-separation approach remains valid as
long as the fracturing process is localized on a
plane, :

Tne tensile strength of ice is xnown to
reduce as the strainrate reduces when crack
nucleation governs strength (37,38). 1In
particular, 0§ in Eq. (2) depends strongly on
strainrate and temperature (gg,ﬁg). At low
strainrates a power law model is appropriate,
while at high strainrates i reaches a constant
valie. This variation may be expressed as:

e (4)
¢ Tiy Be!/N

where Cj» is the frictional resistance at high
strainrates (0.63 MPa), N is the power law index
for ice (¥=3) and B is a temperature dependent
constant given as:

B = B, exp(AH/NK'T) (53

with 4E = activation energy for the rate
conzrollirng process (0.993x10-19 J gol1-'), k' =
Bolzzmann's constant (1.380x10-23 J pol~! x-1)
and T = operature in degrees Xelvin. From
Mugiruza's data on the creep of single crystals
{47), By is Geduced to be 2.95x10~3 Mpa
s . Tne zodel predicts a tensile strength of
.7 MPa at a strainrate of 6.3x10-8 s=' and a
gize cf Smm, which corresponds to the
ransition Irom viscoelastic flow to failure by
ractiure as shown in the next section.
e v, the critical separation distance
ases by a factor of 1.3 over that at very
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high rates for the same grain size and the
Process zone length increases as the square of
the same factor. This result, spanning
approximately five decades of strainrate, shows
that the stress-separation behavior for ice is
essentially rate-insensitive.

In analysis of boundary-value problems based
on discrete crack models, the stress-separation
curve is applied for the fracture process zone
while conventional stress-strain relations are
used for the rest of the material. Models of this
type allow prediction of the nucleation and
growth history of cracks.

SOFTENING TENSILE STRﬁSS~STRAIN MODEL

The softening model of stress-strain
behavior under tensile loading consists of three
parts: a description of the viscoelastic
deformations prior to failure by fracture, the
tensile stress at fracture, and a characteriza-
tion of the “"deformations® as the stress reduces
to zero from the tensile strength, i.e., the
phenomenon of tensile strain-softening.

The viscoelastic flow behavior of ice in
tension prior to fracture is generally considered
to be identical to that under compressive
loading. Hawkes and Mellor {37) justify this
assumption from creep tests on ice. Ting and
Shyam Sunder (35,36) have modelled this flow
behavior in terms of a nonlinear generalization
of the two element Maxwell fluig model consisting
of an elastic spring in series with a viscous
dashpot.

The elastic modulus of ice is sensitive to
even "slight™ variations in rate of loading (15)
and cannot be taken as a constant. If the Young's
modulus for ice, E, is defined to be the modulus
value at very high rates of loading, then the
variation of effective or apparent elastic
modulus, Eegeg, with rate may be expressed as:

Eqff = B {1 =~ r exp(~A/E ¢1/N)) ()

.
where £ is the strainrate, r and A are constants,
and N is the power law index for ice. Egquation
(6) shows that the effective modulus tends to the
Young's modulus (E = 9.5 GPa) as the strainrate
approaches infinity. When the strainrate tends to
zero, the effective medulus tends to (i-r)E, and
for r equal to cne, the effective modulius tends
to zero. I1f r is zero, the effective modulus is
rate-insensitive and equal to the Young's
modulus. A value of r less than one is necessary
to model stress relaxation, and a typical value
for ice is 0.65. .

The rate-sensitive spring represents

recoverable strains contributed both by instanta-
tELoverable

neous elasticity and by delaved elasticizty (also
called primary creep). The former corresponds to
deformations associated with the Young's modulus
and the latter to those associated with a rate-
sensitive spring with modulus equal to EZ3i. If the
two springs are in series, then:




1/Eeff = 1/E + 1/Eg (7)

The nonlinear viscous dashpct represents
irrecoverable strains associzted with secondary
creep deformations. In the case of ice, the

.

secondary creep strainrate, €gcr follows the
well-known power law (42):

g = (a/M) g 1/N (8)

where A and N are the constants in Eg. (6), and M
is a third constant approximately equal to 1400.
The nonlinearity is associated with the dashpot
constant 0/€g. which is a function of the
secondary creep strainrate. The parameter A
describes the creep resistance of ice and is
taken to follow the Arrhenius activation energy
law for temperatures below -10°C, i.e.,

A = Ay exp(Q/NRT) (9)

where Q is the activation energy (65,000 J mol~-1)
and R is the universal gas constant (8.314 J
mol=1), Sirha {43) has justified the use of a
single activation energy value for characterizing
both secondary creep flow and delayed elasticity.
A typical value for the constant A, equals 12.4
MPa s1/3 corresponding to his experimental work
on columnar~grained ice. For temperatures above
-10°C, Mellor (15) recommends the use of the
complete empirical relation derived from
experiments tc model temperature dependence.

The stress at which ice fractures in tension
has been defined in Egs. (2), (3), (4) and (5).
The resulting strength behavior of ice is
summarized in Pig. 3 assuming a grain size of
5mm. For all strainrates below a certain
threshold (2.1x10-8 s=1), ice behaves as a
viscoelastically flowing material. The threshold
strainrate is found by equating Egs. (1) and (8).
At the thresholé strainrate (which corresponds to
a stress of 0.49 MPa) and higher cracks can
nucleate at stresses given by Eq. (2), but the
maximum stress is still dictated by the
viscoelastic deformation up to a strainrate of
6.3x10"8 5-1, At this strainrate the stress to
propagate cracks {0.71 MPa according to Eg. 3)
defines the tensile strength, while the
nucleation stress {(Eq. 2} defines the strength
for rates greater than 6.9x10~% s~', The
existence of a critical stress below which cracks
cannot nucleate has alsoc been suggested by other
investigators, including Sinha (44). Typical
stress-ctrain curves up to the point of maximum
stress are plotted in Fig. 4 for constant
strainrate loading.

Constitutive models for tensile strain-
softening are developed by hypothesizing that
fracture consists of a band of parallel, densely
distributed microcracks with a blunt front
(22-24). Although the heterogeneous micro-
structure of the material does not display
strain-softening on fracturing (45), the
phenomenon allows development of an equivalent
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(d=5mm; * indicates crack nucleation
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homogeneous model of material behavior (46). The
eguivalent continuum Stresses and strains are
defined as the averages of the microstresses and
picrostrains over a certain representative volume
in which the microcracking activity is confined.
The cross-sectional width of this volume, w, is
taken to be several (n = 1 to 20) times the size
of the inhomogeneities, e.g, grain size, and
represents a material property to be determined



from experiments. Extensive data correlation and
analysis (Zélﬁl) yield values of n equal to 3 for
concrete and 5 for rocks. Although the width of
the microcrack zone may increase as the crack
front extends and the density of microcracks ecan
vary across this width, the use of a constant
width with uniform distribution of microcracks
suffices for most practical applications. .FPor
materials with a uniform microstructure suck as
pure ice the value of n tends to be small (1.5 to
3), but model predictions are relatively
insensitive to variations in this value (23).

The fracture energy Gp is given as the
product of the strain energy density and the
width of the blunt crack band for elastic,
brittle materials. This assumes that all the
stored elastic energy is used locally in creating
the new crack surface. However for nonlinear
materials undergoing diffuse damage, for example,
due to secondary creep deformations as in the
case of ice, only the recoverable part of the
strain energy density is available for creating
new crack surfaces. The fracture energy is then
the product of the recoverable strain energy
density, Wgp, and w, i.e.,

(10)

Assuming that w=nd with d=5mm and n on the order
of one, a typical value for Wp is 0.22 KPa.

GF=WFW

The tensile strain~-softening profile may be
related to the stress-separation curves of Fig. 2
if the localized strain across the crack band as
the stress reduces to zeroc is taken as §/w. For
the linear stress-separation curve the critical
local strain when the stress has reduced to zero
is given by:

€c = Np/O4g (11)

The available recoverable strain at the point of
fracture or onset of instability, €,, is equal
to:

€r = Otf/Eers (12)

In theory, the evaluation of Egff in Eq. (12)
should be based on the unloading strainrate in
the uncracked material matrix, which is equal =o
the total strainrate minus the local strainrate
associated with the microcracking zone. However,
calculations show that the matrix strainrate and
the total strainrate differ by a factor of 2 to 3
and that this difference has negligible effec:z on
the computed values of E.¢¢. The additional
strain, €5, required for the stress to reduce
from Ups to zero is equal to:

€g = €¢ - £ (13)

At high rates ey = 1.12x10"% and e, = 3.03x10~%
wnile at a strainrate of 10~7 g-} €y = 1.75x107%
and €5 = 4.47x10"4 for the linear softening
model. This shows that additional strains on tre
order of 2.5 to 2.8 times the accumulated
recoverable strains may be required for the
stress to reduce to zero from the onset of
instability. Values of n greater than one will
lead to a reduction in the additional strains
required. Typical plots of stress versus strain
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including the tensile strain-softening behavior
are shown in Fig. 5.

Stress (hpa}
Etreas (Itpa)

@ ®)

Softening Tensile Stress-Strain Model

for Constant Strainrate Loading
{d=5mm; (a): E=6.85x10-6 g-1,

(b):

Figure 5:

e=10-3 g-1}
OBJECTIVE ENERGY CRITERION

Numerical simulation of fracture processes
based on tensile stress-strain models, assuming
either a sudden decrease in stress at the point
of failure or a gradual strain-softening region,
lead to incorrect convergence properties and to
results that are unobjective with respect to the
choice of mesh discretization. The spurious mesh
sensitivity can affect not only the post peak
response of the material but also the value of
maximum load (22-24). This problem can be
remedied by reEEéEIhg the “"strength" based
cracking criterion with one that preserves the
"energy” dissipation reguired for crack
propagation. Thus if the finite element size
equals the width of the blunt crack band, the
results from the numerical simulation will be
accurate. However, an element size on the order
of w (5-15mm for ice) is extremely small when
considering computational efficiency. Bazant
(22-24) has shown that essentially identical
results can be obtained with larger elements if
an objective energy criterion is applied to the
tensile stress-strain relations. Tnis criterion
requires that for an element of size h, the
recoverable strain energy density, Wn, should be
given by:

GF=WE-W=Whh (14)

The tensile stress-strain relations should
be modified so as to preserve Wn. For values of
Wy, greater than the recoverable strain energy
density available at the onset of instability,
Wi, i.e.,

Wy =

Ot£2/2Eess (15)

the fracture stress is kept constant, but the



softening curve is made steeper. When Wy = Wi,
the stress drop is sudden at the point of
instability. The value of h/w at which this
occurs is given by:

(h/w)cr = 2wE‘Eeff/Utf2 (16)

This ratio equals 3.7 at high rates and 3.5 at a
strainrate of 10-7 s-1, at laxger values of h the
tensile stress at fracture is reduced to Utfh so
as to preserve Gp. This requires that:

Oeel/aes = V(h/wige/(h/w)  (17)

The resulting size effect law is plotted in Fig.
6 for two strainrates., For typical element sizes
that yield h/w in the range of 100 to 1000, the
stress ratio in Eq. (17) varies in the range of
0.05 to 0,20. This suggests that modeling ice as
a no tension material is more realistic than
using a strength based fracture criterion.

oegh
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Figure 6: Size-Effect Law for Ice Under High and
Low Strainrate Loading [&=5mm; (a):
£=10-7 s-1; (p): £=10~3 s-1)

The discontinuous size effect law of Fig. 6
may be smoothed according to a formulation

derived from dimensional analvsis (48,49):

with A and B the two constants given by:

A= (h/wigy - 1 (19)
and
(h/w)cr
B = [ mmeommmemee 11/2 (20)
(h/W)oy =1)

Note that Eg. (18) is valid only for h/w greater
than ¢r equal to unity. When h/w is exactly equal
to unity the stress ratio equals one., The
smoothing ensures a gradual transition from a
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strength based criterion tc the inverse square
root proportionality of an LEFPM based criterion.
In the transition, the fracture behavior is
nonlinear. The influence of size on the tensile
strength of ice in bending has also been studied
by Weeks and Assur {(50).

In numerical simulations based on the blunt
crack band theory, the size effect law of EQ.
(18) should be used to modify the tensile stress
at the onset of instability or fracture. The
strain-softening region should then be
characterized such that it preserves the fracture
energy Gp according to BEg. (14).

CONCLUSIONS

This paper has led to the development of
constitutive models describing the fracture of
ice under tensile loading suitable for
application in numerical simulations of fracture
processes based either on a discrete crack theory
or on the blunt crack band theory. The models can
be applied to predict the nucleation and growth
history of cracks in ice as well as to
characterize the process zone behavior when it
remains brittle although the nonfracturing parts
of the material may be responding in a
non-brittle (nonlinearly viscoelastic) manner.
Specific conclusions reached in the paper (in
particular for ice with a grain size of
approximately 5mm and the given set of material
constants) are summarized below:

1. Predictions of the critical crack tip
opening displacement, i.e., 2.3x10~4 mm, made
with the stress-separation characterization of
fracture behavior are somewhat smaller but in
general agreement with prior experimental
measurements on freshwater ice.

2. Predictions of process zone size based on
a simplified analysis yield valiues of 4.2~8.5mm
for ice. Requirements for valid measurements of
fracture toughness, which stipulate crack and
ligament lengths of 25 times the process zone
size for ductile materials, yield values of
105-210mm (or 20 to 40 times the grain size) for
ice. This result is consistent with the
recommendations of the IAHR Working Group on
Testing Methods in Ice reguiring the dimensions
to exceed 15 times the grain size. These
requirements are not met by specimens often used
in ice testing. Consequently, toughness estimates
may have reduced accuracy.

3. The stress-separation behavior of ice is
relatively insensitive to rate to loading.

4. The tensile behavior of ice consists in
general of four regimes, For strainrates below a
certain threshold (2.1x10"8 s~%) ice behaves as a
viscoelastically flowing material. At the
threshold strainrate (which corresponds to a
stress of 0.49 MPa) and higher cracks can
nucleate but the maximum stress is still dictated
by the viscoelastic deformation up to a
strainrate of 6.3x10°8 s~'. Az <his strainrate
the stress to propagate cracks (0.71 MPa) defines
the tensile strength, while the rate-~sensitive



nucleation stress defines the strength for rates
greater than 6.9x1076 s=', The nucleation stress
asymptotically approaches 1,06 MPa at infinite
strainrate,

5. For typical finite element mesh
discretizations, modeling ice as a no tension
material may be more realistic than using a
strength based fracture criterion.

Additional research on ice is necessary to
(a) experimentally determine the
stress-separation behavior and assess its rate
sensitivity, (b) numerically predict its process
zone size, (c) assess the possible reduction in
accuracy of toughness measurements based on
samples smaller than 25 times the process zone
size, (d) experimentally determine the
characteristic width of the crack band for ice,
and (e) experimentally determine the size effect
law for ice.
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